R
apid and cost-effective generation of whole-genome sequence (WGS) data for pathogen isolates will revolutionize treatment and public health control of infectious diseases (1) . However, realization of this goal requires that the data generated be presented and analyzed in a way that is accurate, informative, and readily interpreted by clinicians and epidemiologists (2) . Several studies have demonstrated the potential of WGS data, establishing relationships among clinical isolates at very high resolution; however, those studies examined isolates known to be similar by previous analysis with multilocus sequence typing (MLST) (3) (4) (5) . Further, the single-nucleotide polymorphism-based methods employed to generate detailed consensus phylogenies are time-consuming, computationally intensive, and sensitive to the effects of horizontal genetic exchange (3) . Consequently, these approaches cannot be readily applied to clinical data in real time, where it is necessary first to identify outbreaks by comparison of routine clinical isolates to each other and the known diversity of the pathogen, with subsequent extension of the analysis by the addition of data on new isolates as the data become available.
Campylobacteriosis, caused by Campylobacter jejuni (about 90% of cases) and Campylobacter coli (about 10% of cases), is the most common cause of bacterial gastroenteritis worldwide, costing an estimated £0.58 billion per annum in the United Kingdom alone (6) . Despite its importance, it was recognized only in the 1970s and remains underreported globally (7) . Molecular epidemiological approaches, especially MLST, have shown that Campylobacter isolates are highly diverse, with much of their diversity being generated by horizontal genetic exchange. This, combined with the infrequency of identified point source outbreaks, has hindered epidemiological studies of these widely distributed bacteria (8) . Genetic attribution indicates that farm animals, especially chickens (via retail sale of poultry meat), are the most important sources of human infection in many countries (9) (10) (11) , resulting in interventions in the food chain to reduce the prevalence of Campylobacter in broiler chickens (12) . Improved understanding of the epidemiology of Campylobacter in humans, farm animals, and the environment is essential for assessment of the effectiveness of these interventions, and WGS analysis is a potentially invaluable tool for achieving this (13) .
Here, reference-free de novo assembly of whole-genome sequence data from clinical specimens was combined with hierarchical gene-by-gene analysis (14) to investigate 379 Campylobac-ter isolates from 4 months of disease surveillance in Oxfordshire, United Kingdom. This whole-genome multilocus sequence typing (wgMLST) approach is a rapid and efficient means of data analysis and presentation which is backward compatible, generalizable, and automatable. It is computationally nonintensive, is highly sensitive for the identification of outbreaks of infection and even likely laboratory contamination, and is publicly available at pubMLST.org/campylobacter.
MATERIALS AND METHODS
Isolates. The study included 384 Campylobacter isolates obtained from 361 individuals between 27 June and 26 October 2011 at the microbiology laboratory of the John Radcliffe Hospital, which has a geographically contiguous catchment of ϳ600,000 inhabitants (about 1% of the United Kingdom total). Surveillance since 2003 has demonstrated that Campylobacter genotypes isolated in this area are similar to those obtained elsewhere in the United Kingdom (15) . Isolates identified as previously described (15) were cultured on Campylobacter blood-free selective agar (Oxoid Ltd., Basingstoke, United Kingdom) and incubated for 48 h at 42°C in a microaerophilic atmosphere, and a single colony was recultured on Columbia blood agar (Oxoid Ltd.) under the same conditions. Suspensions from both cultures were made in brain heart infusion broth containing 20% glycerol and were stored at Ϫ80°C. Genomic DNA was extracted from the growth of single-colony cultures with a Wizard genomic DNA purification kit (Promega, Southampton, United Kingdom).
Whole-genome sequencing. Illumina multiplex libraries were generated with 1 g of genomic DNA acoustically sheared to 200 to 300 bp using a Covaris E210 device. DNA fragments were end repaired, and a 3= nontemplate adenosine residue was ligated to the Illumina multiplexing adaptor oligonucleotide for sequencing. Up to 96 libraries were pooled and analyzed together, in equimolar amounts, in a flow cell lane of the Illumina HiSeq 2000, generating 76-bp paired-end reads. Genome sequence data were assembled using Velvet version 1.2.01 shuffle and optimization scripts to create contigs with optimal parameters, with k-mer lengths between 49 and 69 bp (16) .
Assembled data were deposited in the pubmlst.org/campylobacter database, implemented with Bacterial Isolate Genome Sequence Database (BIGSdb) software (17) ; at the time of analysis, a total of 1,667 loci were defined in this database, including the MLST loci, ribosomal MLST (rMLST) loci, porA antigen-encoding genes, and other loci derived from a number of sources, including the reannotation of the sequence of Campylobacter jejuni isolate NCTC11168 (18) . The BIGSdb autotagger automatically identified loci, assigned alleles, and tagged the sequences for future reference. The database automatically provided a report of the MLST alleles, sequence types (STs), and clonal complex assignments, along with porA alleles.
Genome Comparator analyses. Relationships among isolates were established using phylogenetic networks based on rMLST (19) sequences. The 52 Campylobacter ribosomal protein subunit loci identified in the automated annotation process were compared among all isolates using the BIGSdb Genome Comparator module. The distance matrix generated on the basis of shared alleles was visualized with the Neighbor-net algorithm (20) , implemented in SplitsTree version 4.8 (21) within the BIGSdb Web interface. A subset of isolates that were indistinguishable by rMLST were further analyzed with the Genome Comparator at 1,643 defined loci to generate a distance matrix based on shared alleles, which was visualized with Neighbor-net. This algorithm does not assume a tree-like structure for the data and resolves interrelationships among isolates as a phylogenetic network where appropriate, thereby accommodating departures from tree-like phylogeny (which can result from horizontal gene transfer, for example).
The number of allelic differences among all possible isolate pairs was counted using the Genome Comparator. This analysis was limited to the 1,026 loci present in all 379 isolates, effectively a "core genome" analysis at the level of shared alleles. The numbers of differences among known isolates from the same patient were also identified. Inspection of the distribution of pairwise differences identified clusters, which were defined as groups of isolates differing at 20 loci or fewer, on the basis of the observed distribution of differences among isolates from the same or different patients. The largest cluster identified in the data set was chosen for further analysis. The isolates belonging to this cluster were compared again with the Genome Comparator at all 1,587 shared loci, and gene differences were analyzed. Common epidemiological features were determined retrospectively from routine laboratory and environmental health investigation notes for cases sharing closely related isolates. A set of instructions for the Genome Comparator analyses is provided in Fig. S1 in the supplemental material.
RESULTS
MLST and clonal complexes. WGS data were obtained from 379/ 384 (98.7%) Campylobacter isolates, without retesting; the isolates were annotated and MLST profiles were generated, giving 126 seven-locus STs, 20 of which were new (13 C. jejuni and 7 C. coli STs). Of the STs, 104/126 (82.5%) were assigned to 29 clonal complexes, accounting for 351/379 (92.6%) of the isolates, with 28 (7.4%) isolates having STs not assigned to a clonal complex (Fig.  1 ). There were 15 new MLST alleles (7.0% of the total, including one aspA, two glnA, two gltA, three glyA, three pgm, two tkt, and two uncA loci). A total of 48 (13%) isolates had STs typical of C. coli, mostly belonging to the ST-828 clonal complex (42 isolates), with one ST-1150 complex isolate and five isolates not assigned to a clonal complex. The rank abundance of the clonal complexes was similar to that reported in previous investigations employing seven-locus MLST (15, 22, 23) , with a slightly elevated number of C. coli isolates (Fig. 1) .
Ribosomal MLST. All 52 rMLST loci identified were variable, while a 53rd locus (rpmD; BACT000059) was absent in all isolates; this locus was absent in all Campylobacter genomes examined up to the time of analysis. Complete rMLST profiles for 52 rps loci were obtained for 376/379 (99.2%) isolates, giving 212 unique rMLST types, 144 of which occurred once. In three isolates, eight loci were truncated, i.e., were located at the end of a contig, resulting in incomplete rMLST profiles; these isolates were not analyzed further. A total of 478 new rMLST alleles were assigned at 51 of the 52 loci, with 1 to 48 new alleles being identified in 87 isolates (see Table S1 in the supplemental material). Neighbor-net phylogenies based on shared rMLST alleles grouped the 376 isolates into clusters that were congruent with MLST clonal complexes ( Fig. 2A ) and also indicated relationships among the clonal complexes that were not readily apparent from MLST, showing, for example, that the ST-21, ST-48, and ST-206 complexes were related. The C. coli ST-828 clonal complex isolates were grouped correctly with the single C. coli ST-1150 isolate, although the Neighbor-net phylogeny based on a distance matrix generated with allele numbers, rather than nucleotide sequences, inevitably did not represent the 15% nucleotide sequence divergence between C. jejuni and C. coli ( Fig. 2A) .
Whole-genome MLST. The rMLST phylogenies provided resolution within clonal complexes, e.g., the 89 ST-21 clonal complex isolates were resolved by rMLST into three groups, which were mostly congruent with ST designations (Fig. 2B ). Among these isolates, 13 rMLST loci were identical and 39 were variable, with 34 unique rMLST types. The members of one of these types, designated strain 3, was analyzed by the Genome Comparator using 1,643 defined loci, 1,595 (97%) of which were present in all 10 strain 3 isolates. This analysis resolved strain 3 into four groups differing at 272 to 351 loci, i.e., one group of five isolates, two groups of two isolates, and one single isolate (Fig. 2C) . One of the groups of two contained isolates (OXC6331 and OXC6347) originating from the same patient. Members of the group of five isolates were compared at all 1,605 shared loci; three of these isolates (OXC6266, OXC6286, and OXC6292) were closely related, with just 9 variable loci among them, and two were more distantly related, with 38 (OXC6571) and 61 (OXC6615) locus differences (Fig. 2D) . Examination of laboratory and epidemiological records showed that two of the closely related isolates (OXC6266 and OXC6292) were obtained from the same patient on the morning and evening of the same day and the third sample (OXC6286) was obtained from a different patient and received by the microbiology laboratory 3 min after the morning sample from the first patient. These patients did not share other epidemiological features. The patient with two positive samples had returned from international travel and fell ill while visiting part of the catchment area of the hospital. The other patient was a local resident living in a different part of the hospital catchment area.
Whole-genome pairwise comparisons among all 379 isolates (71,631 whole-genome comparisons) using the 1,026 loci which they all shared showed allele differences at 0 to 1,026 loci, with a mean of 877 loci (Fig. 3) . Only 0.34% of these comparisons differed at fewer than 12 loci, 0.4% at 20 or fewer, and 1.25% at 100 or fewer. Pairwise comparisons across the 1,026 shared loci among multiple isolates from the same patient produced 10 comparisons with no differences, 14 comparisons with fewer than 10 locus differences (eight comparisons with one difference, three comparisons with two differences, one comparison with three differences, and two comparisons with nine differences), and three comparisons with more than 850 differences (865, 892, and 919 differences).
Pairwise comparisons of the same-patient isolates were repeated using all 1,643 loci for the same-patient isolates with the same ST. This showed between 3 and 14 locus differences among isolates from the same patient (Table 1; see also Table S2 in the supplemental material). The occurrence of different alleles was not random across the genome; three loci showed differences in isolates from 9 patients, while 1,574 loci did not show any withinpatient variation in this data set. Loci that recurrently resulted in differentiation between same-patient isolates often differed at homopolymeric tracts and represented loci identified as phase variable in the C. jejuni genome (24) or were paralogous gene sequences, i.e., genes that occurred more than once in the genome.
The largest cluster identified within the all-by-all comparison distance matrix, comprising 13 isolates, was further analyzed at the 1,643 defined loci; this analysis identified 1,529 identical (93%) and 58 (3.5%) variable loci ( Fig. 4; Table 2 ), which formed three subclusters. This within-subcluster genome variation was similar to the within-patient variation observed for other samples in this data set, in both numbers and types of genetic differences, while the between-subcluster differences involved a wider and different range of loci (Table 3 ). The dates of illness onset within subclusters were similar (2 cases were 22 days apart, 2 cases were 7 days apart, and 3 cases occurred within 13 days), compared to the average time differences in the data set. No epidemiological links were apparent on review of the available routine follow-up questionnaires.
For 10 isolates, repeat sequencing was undertaken with the same DNA specimens, to assess the reproducibility of the approaches used. Genome Comparator analyses at all of the 1,643 loci present in the isolates (1,478 to 1,586 loci, depending on the isolate) demonstrated high reproducibility between replicates (99.56 to 99.94% identical loci) (see Table S3 in the supplemental material); the few differences observed were likely due to different assemblies at paralogous loci. None of these differences would have altered the interpretation of any of the analyses described here.
DISCUSSION
The genetic analysis of human campylobacteriosis isolates presents a number of challenges, as it is caused by two related bacterial species which are highly diverse and frequently participate in horizontal genetic exchange (25, 26) . These properties, which are common among bacterial pathogens, complicate conventional phylogenetic analyses because frequent recombination introduces multiple polymorphisms, while point mutations, which are rare, introduce only single polymorphisms. The wgMLST approach for the analysis of WGS data assembled de novo accommodates both the diversity and the population structure of such bacteria, as sequence variations are effectively summarized and each type of genetic change is treated as a single evolutionary event. The approach also enables hierarchical analyses, permitting the successive examination of different sets of loci according to different clinical and epidemiological questions (13) . Here, genome sequences from nearly 400 isolates were examined across the entire range of resolutions required for clinical and epidemiological investigations, from placing them in the global context of Campylobacter diversity to defining the nature and extent of within-patient variations. The analyses were conducted rapidly with a Web-based interface, allowing the generation of reports that would be of immediate use to clinicians and which can be generated without specialist bioinformatics training (17) .
The deposition of the assembled sequences in the pubMLST.org /campylobacter database, with automated generation of MLST information, ensured that the data were comparable to findings for the Ͼ18,000 Campylobacter isolates typed previously (8, 15) . This demonstrated that the genotypes of the isolates were (i) similar to those seen in Oxfordshire in 2003 to 2009 and in high-income countries complex isolates representing 34 rMLST types labeled by ST (B), 1,595 loci for 10 isolates belonging to ST-21 complex rMLST strain 3 (C), and 1,605 loci for a subset of five strain 3 isolates, two of which (OXC6266 and OXC6292) were isolated from the same patient on the same day (D). Numerals in blue type indicate the distances (numbers of allelic differences) between isolates. generally ( Fig. 1) (8, 15) and (ii) consistent with the attribution of the majority of campylobacteriosis cases to chicken meat (9-11, 15, 27, 28) . MLST has proved invaluable for understanding the epidemiology of many bacteria, including Campylobacter infections in humans and animals (8) ; however, it is most suited to assigning isolates to clonal complexes and, without additional loci, has little power to detect differences within and relationships among Campylobacter clonal complexes (8) . The analysis of the 52 rMLST (19) loci confirmed that MLST clonal complexes were genealogically coherent and it provided further information in two respects, (i) improved resolution within clonal complexes, enabling resolution of groups with greater discrimination than achieved with MLST, and (ii) information on the relationships among a number of clonal complexes, for example, the ST-21, ST-48, and ST-206 clonal complexes. The latter clonal complexes typically are isolated from livestock as well as from human patients and include Campylobacter strains that are adapted to the agricultural environment (29) (Fig. 2) . Therefore, these data provide the prospect of improved genetic attribution with respect to source, an important means of understanding the impact of interventions in the food chain on the reduction of campylobacteriosis (12) .
The rMLST and wgMLST analyses confirmed the great diversity of campylobacteriosis isolates recovered in Oxfordshire over only 4 months (Fig. 2) ; indeed, this was not exceeded by equivalent data for a collection of 83 cattle, human disease, pig, and poultry isolates obtained from several countries over more than 10 years (see Fig. S2 in the supplemental material) (30) . The diversity of the Oxfordshire isolates was also evident from the pairwise comparisons of all 379 isolates at the 1,026 loci which they all shared; a large number of isolates differed at all of these loci, and only a very small number differed at fewer than 500 loci. This showed that, notwithstanding the complexities of Campylobacter population structure, it is relatively straightforward to employ these data to determine whether Campylobacter isolates are likely to be part of a transmission network.
Two approaches were used to identify clusters, i.e., a hierarchical approach, using increasing numbers of loci to identify related isolates, and all-against-all pairwise comparison. These yielded comparable results and represent alternative means of identifying campylobacteriosis outbreaks, which are known to be rare and difficult to detect (31) . The first approach is most appropriate when examining a group of isolates known or suspected to form an outbreak, as has been demonstrated for meningococcal disease (14) , while the second approach is suited to identifying outbreaks without a priori information, such as the data set presented here; this can be automated to provide warnings of outbreaks from routine surveillance data.
Three patients with multiple isolates were shown to have infections involving more than one strain, at the level of seven-locus MLST. The remaining 17 patients with multiple samples yielded very similar isolates at the genomic level, with 3 to 14 locus differences within the same patient (see Table S2 in the supplemental material). Comparison with the data from the 10 repeat-sequencing experiments suggested that this was biological variation and that each patient was infected with a number of sequence variants at this level of resolution. Consequently, it would not be possible to estimate mutation rates from these data without more-extensive sampling from the same patient.
On the basis of these observations, a value of 20 locus differences between isolates was chosen as the cutoff value below which possible clusters were investigated. Cases both clustered in time and exhibiting minimal differences across the genome indicated how this approach can identify epidemiologically related clusters, while a case of likely laboratory cross-contamination demonstrated how this approach can provide an accessible quality assurance tool for clinical microbiology laboratories. Although a retrospective review of the limited epidemiological data collected routinely did not establish direct transmission in any of the clusters identified, in the context of the diversity present among the isolates as a whole it is highly likely that these closely related genotypes from temporally clustered cases shared a common infection source, which would support source identification if investigated in a timely way. Routine analysis of clinical isolates must characterize samples affordably and rapidly and must identify both long-term trends in disease patterns and occasional disease outbreaks, as exemplified by the Escherichia coli hemolytic-uremic syndrome outbreak in Germany in 2011 (32) . Such outbreaks are unpredictable and, although reference sequences of the causative agent are unlikely to be immediately available, it is essential to place isolates rapidly within the overall diversity of the species in question, for effective epidemiological investigation and intervention. A universal portable approach for all or most pathogenic bacteria is highly desirable, as demonstrated by the success of MLST (8) .
The approach described here, which exploits open-source tools, can be combined with rapid sequence determination platforms (33) in a flexible and scalable analysis pipeline. Whole-genome sequence data can be generated de novo and assembled within 48 h (13) . Deposition of these data in a BIGSdb database allows species identification with rMLST, which takes a matter of minutes (19) . Once the species has been identified, relationships to other isolates, up to the level of whole genomes (wgMLST), can be established rapidly using the Genome Comparator and Neighbor-net, as described here. Again, this analysis takes a matter of minutes for small numbers of isolates and can be scaled hierarchically to larger numbers of comparisons. Therefore, this system can interpret the output of current high-throughput sequencing equipment in real time. Very high levels of diversity among Campylobacter isolates were handled without difficulty with this method, offering sufficient discrimination to identify both within-and among-host pathogen diversity and epidemiological clusters.
While this approach presents many opportunities, a number of challenges remain. For example, accepted means of encapsulating the very high levels of discrimination described here and elsewhere into nomenclature schemes have yet to be devised. In the future, it may be necessary to adopt nomenclatures based on 53-locus rMLST or wgMLST data, but the generation of meaningful plain-language interpretation of such data is challenging. However, for the majority of applications, it is not yet necessary to change the accepted nomenclature schemes (for example, those based on MLST), as these adequately meet the requirements of many practical applications. Even in the absence of more-discriminatory or whole-genome-based nomenclature, representations of genomic data in two-dimensional networks, as used here, are readily generated, are easily understood by practitioners, and are all that is necessary for management of individual disease clusters.
In conclusion, with the imminent deployment of benchtop genome sequencers in the clinical laboratory, our approach represents a practical and effective means of exploiting WGS data for clinical benefit. 
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